INTRODUCTION
Magnetized Keplerian disks are unstable for the magnetorotational instability (MRI) (Balbus & Hawley 1998) which can initiate and sustain MHD turbulence. Turbulent motion affects the evolution of protoplanetary disks in many ways: MHD turbulence gives a mechanism of angular momentum transport, and thus determines the accretion and dissipation of the disk gas. Turbulence affects size growth and sedimentation of dust grains in the disks. Also planet migration can be modified by the existence of turbulence (Nelson & Papaloizou 2004) .
In general, however, the coupling between the gas and magnetic field is poor in protoplanetary disks because they are cold and dense (Stone et al. 2000) . In such the case, non-ideal MHD effects, especially ohmic dissipation, suppress the growth of the MRI (Sano & Stone 2002a) . Although ambipolar diffusion works as additional resistivity in the dilute outer parts of the disks (Chiang & MurrayClay 2007) , we focus on the role of ohmic dissipation in this paper.
The efficiency of ohmic dissipation is characterized by the Lundquist number;
where v A is the Alfvén speed, η is the magnetic diffusivity, and Ω is the angular velocity. This is often called as the magnetic Reynolds number Re M = V L/η, which is identical to the Lundquist number if the characteristic velocity is assumed to be V = v A . Although different definitions are used in different papers, we suggest to use this definition where the characteristic length scale L is given by the most unstable wavelength of the MRI.
Both linear and nonlinear analysis shows that the MRI is suppressed dramatically by ohmic dissipation when the Lundquist number is less than a critical value. The beauty of our definition S MRI is that the critical value is always given by unity. The linear dispersion relation for the MRI shows that ohmic dissipation can stabilize the shorter wavelength fluctuations and reduce the growth rate considerably when the Lundquist number S MRI is less than unity (Sano & Miyama 1999) . The saturation amplitude of the Maxwell stress obtained by non-ideal MHD simulations indicates that MHD turbulence cannot be sustained and dies away if S MRI < 1 (Sano & Stone 2002b) . Note that this conclusion is independent of the initial field geometry and inclusion of the Hall effect.
DUST EVOLUTION IN TURBULENCE
In a standard scenario of planet formation, the decay of turbulence is assumed and it triggers the separate evolution of the gas and dust grains in protoplanetary disks. These are snapshots at t/t rot = 100. The column density is averaged azimuthally and normalized by the initial value Σ d0 . MRI turbulence in a shearing box of 2H × 2H × H is resolved by 256 × 256 × 128 grid zones. The plasma β is 1000 initially and the field is a zero-net flux B z . The magnetic diffusivity is assumed to be uniform and the Lundquist number is S MRI = 100. When the stopping time is comparable to the rotation time, dust grains form a ring structure due to turbulent condensation. While tiny grains (t d t rot ) show little fluctuation in the radial distribution of the column density.
However, MRI turbulence may never disappear at all, thus it would be interesting to study the dust evolution in MRI turbulence.
Assuming passive evolution of dust grains in the fluid, the trajectories of particles in the shearing box are solved by the following equation;
where v d and x d are the velocity and radial position of dust grains, v is the gas velocity, and q = −d ln Ω/d ln r = 3/2 for Keplerian disks. The last term of the right hand side is the gas drag force and t d is the stopping time. If the grain size a is larger than the mean free path of the gas λ, the stopping time is given by t d = (4/9)ρ s a 2 /ρc T λ where ρ s is the internal density of the dust grains, ρ is the gas density, and c T is the mean thermal velocity (Weidenschilling 1977 ).
We examined the spatial distribution of dust grains in MRI turbulence numerically. The nonlinear evolution of the MRI is solved in a local shearing box. The regions where the magnetic diffusivity is too small to suppress the growth of the MRI are considered, so that MRI turbulence is fully developed. Dust grains represented by 2.5 × 10 6 particles are distributed uniformly at the beginning. Each particle moves due to the gas drag force in the turbulent motions. Sticking and sedimentation of dust grains are ignored for simplicity. Fig. 1 depicts the radial distribution of the column density of dust grains Σ d (x) normalized by the initial value Σ d0 . For this calculation, the box size is 2H × 2H × H and the initial field is assumed to be a zero-net flux B z . Condensation of dust grains takes place for a particular size of particles in a few orbits. The condensation is found to be characterized by the ratio of the stopping time and rotation time t rot . When the stopping time is comparable to the rotation time, the condensation is significant. This corresponds to about meter size bodies at planet forming regions (r ∼ 1 -10 AU). Dust density can be enhanced by more than 10 times for this case. Dense dust rings are formed and last for more than 10 orbits. Therefore, MRI turbulence may help the formation of planetesimals from meter size bodies by mutual collisions. The radial separation of the dust rings is a few times of the scale height of the disk, which is almost independent of the radial box size. On the other hand, if the stopping time is much shorter than the rotation time, dust grains are always uniformly distributed and no condensation can be seen. Then the growth of small dust grains cannot be accelerated and rather disturbed by the turbulent motions.
The location of the dust rings shows good correlation with where the radial distribution of the pressure takes the local maximum (Johansen et al. 2006) . At the inner and outer sides of the pressure peak, the directions of the pressure gradient force are opposite. The rotation velocity of the gas is faster at the inside and slower at the outside. Then the dust grains inside of the pressure peak gain angular momentum from the gas and move outwardly, and vice versa.
The pressure fluctuation is regulated by the magnetic pressure in MRI turbulence. The power spectra of the magnetic energy have a peak where the radial wavelength is comparable to the scale height. This is roughly consistent with the radial size of the condensation. We found that the shape of the energy spectrum depends on the initial field geometry. If the net vertical flux is non-zero, then there is no characteristic scale in the power spectra. The smallest wavenumber has the largest power. Global disk simulations would be necessary to follow the evolution of dust grains for this case.
Although the global structure of magnetic fields in protoplanetary disks are still highly uncertain, the saturation amplitude of MRI turbulence is also sensitive to the field geometry (Sano et al. 2004) . The Maxwell stress is relatively larger when the disk is threaded by a uniform vertical field. For this case the saturation level is roughly proportional to the initial field strength. For the zero-net flux cases, the saturated α parameter of Shakura & Syunyaev (1973) is fitted by an empirical formula;
where L z is the vertical length of the computational box and ∆ is the grid size. This implies that the higher resolution gives the lower saturation. If the grid size corresponds to the dissipation scale in actual disks, then the α parameter is too small to explain the evolutionary timescale of accretion disks. Therefore the dependence of the saturation amplitude on the initial field geometry should be resolved to understand the evolution of the gas and dust grains in protoplanetary disks.
SUMMARY
We investigate the role of the MRI in the evolution of protoplanetary disks and planet formation. The ionization degree is extremely low in protoplanetary disks, and thus the coupling between the gas and magnetic field is weak. The growth of the MRI is suppressed significantly by nonideal MHD effects. The Maxwell stress caused by MRI driven turbulence can transport angular momentum only at the innermost part within 0.1 AU and outer regions of the disk (r > 10 AU). The existence of a dead zone, where the MRI is stabilized by ohmic dissipation, affects the mass accretion history of the disk, dust evolution, and planet migration. The size of the dead zone is sensitive to many disk parameters, especially to the characteristics of dust grains. The most important feature of the MRI in protoplanetary disks is that it may not disappear even at the late evolutionary stage. Therefore in future it is interesting to examine the dust evolution and planet formation in turbulent disks, and which might lead a new scenario of the origin of planetary systems.
